We have measured third-order nonlinear susceptibility (χ (3) ) of semiconducting and metallic single-walled carbon nanotubes (SWNTs) by a Z-scan method. The imaginary part of χ (3) value for fundamental absorption band in semiconducting SWNTs is one order of magnitude or more larger than those for second transition in semiconducting tube and the transition for metallic SWNT. The χ (3) value increases with increasing tube diameter. These results can be explained by the enhancement of nonlinearity by exciton effects.
INTRODUCTION
Since the discovery of single-walled carbon nanotubes (SWNTs), much research effort has been expended to clarify the electronic and optical features, and to apply them to novel electro-and opto-devices. Optical nonlinear device is one of the most potential applications, because one-dimensional (1D) quantum confinement of electron-hole in SWNTs causes large optical nonlinearlity. Many works have been done to investigate the optical nonlinearity in SWNTs theoretically [1] and experimentally [2] . Theoretical calculation has predicted that the third-order nonlinear susceptibility χ (3) increases with increasing tube diameter [1] . Coulombic effects, i.e., exciton effects, due to the 1D confinement are also important for the enhancement of χ (3) . However, the enhancement of nonlinearity due to the exciton effects has not been verified.
In this paper, we discuss the enhancement of thirdorder optical nonlinearlity in semiconducting SWNTs in relation to the 1D exciton effects. We demonstrate how the third-order nonlinear susceptibility χ (3) changes, depending on the nanotube diameter which relates to the exciton coherent volume.
EXPERIMENTAL
We prepared SWNT thin film samples with different mean tube diameters using purified HiPco and laser ablation method. SWNTs are bundled in the samples. The χ (3) values for the SWNT samples were measured by a Z-scan method [3] using CS 2 as a control sample. Optical parametric amplifier pumped by Ti:sapphire regenerative amplifier is used for light source. Pulse width and repetition rate are 200 fs and 1 kHz, respectively.
RESULTS AND DISCUSSION
Solid curve in Fig.1(a) shows the absorption spectrum of SWNTs thin film with mean tube diameter of 1.35 nm. Three broad absorption bands are observed at ~ 0.73 eV (S 1 ), 1.3 eV (S 2 ), and 1.9 eV (M 1 ). The S 1 and S 2 bands are attributed to the optical transitions from the valence to conduction bands in semiconducting SWNTs, while the M 1 band is due to those in metallic SWNTs. Open circles in Fig.1(a) indicate the imaginary part of third-order nonlinear susceptibilities (Imχ (3) ) measured by a Z-scan method.
The measured Imχ (3) values at S 1 , S 2 , and M 1 peak energies are -7.3x10 -8 esu, -5.2x10 -9 esu, and -8.3 x 10 -9 esu, respectively. Because the lifetime of S 1 state in our bundle sample may be shorter than that for isolated tube samples, the measured Imχ (3) value at S 1 peak may be supressed. However, the Imχ (3) value of S 1 transition is still one order of magnitude or more larger than those for S 2 and M 1 transitions. This result is explained by enhancement of nonlinearity due to exciton effects. The exciton effects concentrate oscillator strength of optical transition on the S 1 transition [4] .
Since the resonant energy of S 1 exciton transition depends on the tube diameter, the distribution of the tube diameter causes the broadening of S 1 absorption peak. The dependence of χ (3) on the tube diameter can be deduced from it's dependence on optical transition energy in the broadened S 1 absorption band. In order to measure the diameter dependence of χ (3) in wide tube diameter range, we prepared a sample mixed with SWNTs with different mean diameter. Broken, dotted broken, and dotted curves in Fig.1(b) are the absorption spectra of SWNTs with different mean tube diameters of 1.35 nm, 1.15nm, and 1.04 nm, respectively. The solid curve in Fig.1(b) is the absorption spectrum for mixed SWNTs with the three different mean tube diameters. The extremely broad S 1 absorption band is observed from 0.6 -1.1 eV energy region, which corresponds to the tube diameter of 1.6 -0.9 nm range. Measured Imχ (3) are shown by closed circles in Fig.1(b) , and show maximum at ~ 0.7 eV. Because of the diameter distribution in the mixed sample, we need to discuss the diameter dependence of figure-of-merit of the nonlinearity, Imχ (3) /α, where α is absorption coefficient. α is considered to be proportional to the fraction of tube density. where µ is a transition dipole moment, T 1 and T 2 are population and coherence relaxation times, respectively. We have reported the population relaxation time depends on the tube diameter. T 1 increases almost in proportion to the tube diameter [5] . This dependence is much weaker than the dependence of Imχ (3) /α. Although the diameter dependence of dephasing time T 2 is not known, the experimental results suggest that the dipole moment µ, which is related to the exciton coherent volume, tends to expand with an increase in the tube diameter. 
